The aim of this study was to investigate the relationship between lymphocyte P-glycoprotein (P-gp) expression and genotype in vivo and the expression of lymphocyte receptors critical in the life cycle of human immunodeficiency virus type 1 (HIV-1), i.e., CD4, CCR5, and CXCR4. Using flow cytometry to quantify each membrane receptor/transporter, we demonstrate a highly significant correlation between P-gp protein expression and the expression of CXCR4 (rho ‫؍‬ 0.874; P < 0.0001). Furthermore, confocal microscopy showed colocalized expression of CXCR4 and P-gp in the lymphocyte membrane. This significant relationship was also apparent at the mRNA level by use of reverse transcription-PCR (rho ‫؍‬ 0.61; P < 0.005) and was present in both phytohemagglutinin-stimulated and unstimulated peripheral blood mononuclear cells. Genotypic analysis of the C3435T single-nucleotide polymorphism of P-gp confirmed significantly higher levels of P-gp in C (range, 2.45 to 11.00 relative fluorescence units [RFU])-than in T (range, 0.25 to 5.00 RFU)-homozygous individuals (P ‫؍‬ 0.0088; 95% confidence interval [95% CI], 0.7 to 6.3 RFU). An equivalent association between CXCR4 levels and C (range, 12.7 to 44.1 RFU) versus T (range, 3 to 18.9 RFU) genotype was also demonstrated (P ‫؍‬ 0.0019; 95% CI, 5.4 to 23.7). Functionally, although these correlates had no impact on HIV-1 production from either X4-or R5-tropic virus, expression correlated significantly with the activity of the HIV-1 protease inhibitor (PI) saquinavir for both P-gp (rho ‫؍‬ 0.75; P ‫؍‬ 0.0019) and CXCR4 (rho ‫؍‬ 0.71; P ‫؍‬ 0.0041). This study defines an association between P-gp (expression and genotype) and CXCR4 that may have implications for the selection of viral tropism and the access of drugs to protease for specific tropic types. The interplay between these two proteins may also influence the viral genotypes which escape effective chemotherapy and which therefore have the opportunity to evolve resistance to PIs.
A number of G protein-coupled CC and CXC chemokine receptors have been shown to act as human immunodeficiency virus (HIV-1) coreceptors in vitro (47, 48) . CCR5 and CXCR4 are the major HIV-1 coreceptors in vivo (46) . The selective use of the CCR5 and/or CXCR4 coreceptor is the predominant determinant of cellular tropism observed for different HIV-1 isolates (3, 7) . CCR5 is the principal coreceptor for primary and early infection (R5 isolates). The appearance of variants that use CXCR4 or both coreceptors (X4 and R5X4 isolates) results in accelerated CD4 ϩ T-cell loss and disease progression (6, 36) , and evidence suggests that patients with higher expression of CXCR4 in lymphocytes acquire X4-tropic strains of virus more rapidly (24) .
The introduction of protease inhibitors (PIs) has dramatically improved the prognosis for HIV infections. However, PIs such as saquinavir (SQV) have a variable and frequently low bioavailability (29) . High dosages are often required; this has been attributed to the actions of both cytochrome P450 3A4 (8, 17) and P glycoprotein (P-gp) (15, 31) . The effect of P-gp on bioavailability, combined with its expression at certain sanctuary sites such as the brain, testes, and lymphocytes, may enhance the development of PI-resistant strains of HIV.
P-gp is a member of the largest class of membrane transport proteins, designated the ATP-binding cassette (ABC) superfamily (19) . A number of recent studies have also implicated P-gp in the infectivity of HIV (22, 32, 37) . P-gp overexpression blocks insertion of the influenza virus fusion protein (hemagglutinin-2) into the plasma membrane (32) , and this inhibits membrane fusion and infectivity. Furthermore, HIV-1 infectivity is lower in CD4 ϩ T-cell lines, which overexpress P-gp (22) . The authors concluded that P-gp expression inhibited HIV-mediated membrane fusion, as well as a subsequent step(s) in the HIV-1 life cycle. Recently, Speck et al. reported similar data for drug-selected (P-gp-overexpressing) CEM cells; the effect was reversible by verapamil (a known P-gp inhibitor), and the authors speculated that overexpression of P-gp and its localization to lipid rafts may disrupt critical protein-protein interactions because of the physical size and abundance of P-gp (37) . Indeed, evidence suggests that CD4 and CXCR4 form clusters within lipid rafts that are necessary for efficient HIV infection (23) . However, this does not explain the sensitivity to verapamil, and subsequently, a significant difference in the expression of CD4 and CXCR4 between CEM and drug-selected CEM cells grown in our lab was observed (27, 33) .
In addition to these biochemical analyses, information on the relationship between HIV and P-gp has emerged by anal-ysis of MDR1 single-nucleotide polymorphisms (SNPs). The C-to-T transition at position 3435 is the most extensively studied MDR1 SNP. The T allele at this position has been related to better immune recovery (9) , and a trend toward virological failure with antiretroviral therapy has been reported for CC homozygotes (4) . Furthermore, a nonsignificant association between this SNP and infectivity has also been reported (16) . However, these observations are currently subject to substantial debate. Interestingly, the C3435T SNP does not result in an amino acid change, and as such is unlikely to influence P-gp expression directly, but may be linked to other variants that govern expression or mRNA processing.
In order to investigate the complex interactions between P-gp, HIV receptors, viral infectivity, and PI effect, we have undertaken a detailed analysis of HIV-1 receptor and coreceptor expression and of P-gp transporter expression and genotype in peripheral blood mononuclear cells (PBMC) from a cohort of healthy volunteers. Furthermore, their relationship to HIV infectivity and HIV protease inhibitor activity has been investigated.
MATERIALS AND METHODS

Materials.
Viruses HIV-IIIB (X4-tropic) and HIV JRCSF (R5-tropic), MT-4 cells, and CXCR4-and CCR5-specific antibodies were provided by the AIDS Reagent Project of the National Institute of Biological Standards and Controls (South Mimms, United Kingdom). RPMI 1640 medium, chloroform, RNase-free water, Hanks balanced salt solution, and a lectin (phytohemagglutinin [PHA]) were purchased from Sigma Chemical Co. Ltd. (Poole, United Kingdom). Fetal calf serum and Trizol were purchased from Gibco Life Technologies Ltd. (Paisley, Scotland). Immunoglobulin G2a, used as a negative control, and R-phycoerythrin (R-PE)-conjugated goat anti-mouse immunoglobulin G2a were obtained from Serotech Ltd. (Oxford, United Kingdom). Antibody UIC2 was purchased from Immunotech (Marseilles, France). CellFIX was purchased from Becton Dickinson (Oxford, United Kingdom). Isopropyl alcohol and ethanol were obtained from Fisher Scientific (Loughborough, United Kingdom). Saquinavir was a gift from Roche Ltd. (Welwyn, United Kingdom). All TaqMan primers, probes, and master mixes, as well as reverse transcription reagents, were obtained from Applied Biosystems UK (Warrington, United Kingdom), and the miniprep blood kit was purchased from QIAGEN Ltd. (Hilden, Germany). Buffy coats were supplied by the Manchester Blood Transfusion Service (Manchester, United Kingdom). p24 enzyme-linked immunosorbent assay (ELISA) kits were purchased from Bio-Rad (Hertfordshire, United Kingdom). Interleukin-2 (IL-2) was supplied by Peprotech UK Ltd. (Nottingham, United Kingdom), and the P-gp inhibitor XR9576 was a gift from Xenova (Slough, United Kingdom).
HIV stocks. Viral stocks were obtained from the AIDS Reagent Project as cell-free culture supernatants (1 ml) and expanded by passage through appropriate target cells. HIV-IIIB was added to MT-4 cells (1:10 dilution in RPMI-10% fetal calf serum; cell concentration, 0.5 ϫ 10 6 ⅐ ml Ϫ1 ), and cells were observed microscopically for signs of viral cytopathic effects (CPE), i.e., syncytium formation. When CPE was observed, further MT-4 cells were added (10 ml; 1 ϫ 10 6 ⅐ ml Ϫ1 ), and cultures were incubated (37°C). When the culture showed signs of CPE, it was centrifuged (5 min, 400 ϫ g), and the supernatant fraction was frozen in aliquots until quantification of viral content by p24 ELISA.
To expand HIV JRCSF (which will not grow in laboratory-adapted cell lines), PBMC were used. Cells were isolated from buffy coats and activated with PHA (10 g ⅐ ml Ϫ1 ) prior to resuspension (at 10 ϫ 10 6 cells ⅐ ml Ϫ1 ) in lymphocyte growth medium (LGM, consisting of RPMI 1640 with 15% fetal calf serum) containing 20 IU of IL-2 ⅐ ml Ϫ1 . JRCSF was added (1:10 dilution), and cultures were incubated (37°C, 5% CO 2 , 7 days). The culture was then centrifuged (5 min, 400 ϫ g), and the supernatant fraction was frozen in aliquots until quantification of viral content by p24 ELISA.
Membrane protein expression in peripheral blood mononuclear cells from healthy donors. Blood samples (60 ml) were obtained from healthy Caucasian volunteers by venopuncture, and PBMC were isolated as described previously (5) . A total of 4 ϫ 10 6 cells per assay were resuspended in CellFIX for assessment of P-gp, CD4, CXCR4, and CCR5 expression by flow cytometry. RNA extraction and quantification of MDR1, CXCR4, and CCR5 mRNA were performed on RNA from 10 ϫ 10 6 cells suspended in Trizol. Whole blood (200 l) was also frozen for DNA extraction and genotyping for the C3435T polymorphism in exon 26 of MDR1.
Infection of activated peripheral blood mononuclear cells with HIV-1. To assess the relationship between membrane protein expression and the sensitivity of cells to infection, PBMC were isolated from the buffy coat or healthy donor PBMC and activated with PHA. Cells (4 ϫ 10 6 ) were assayed for membrane protein expression by flow cytometry. Whole blood (200 l) was kept for DNA extraction and C3435T genotyping. Cells were resuspended in LGM containing IL-2 (20 IU ⅐ ml Ϫ1 ) in the presence or absence of the potent and selective P-gp inhibitor XR9576 (80 nM) (25) . HIV-IIIB (X4-tropic) or HIV JRCSF (R5-tropic) was added at a multiplicity of infection (MOI) of 0.001. Cells were then cultured at 37°C under 5% CO 2 for 7 days, after which the supernatant fraction was assayed for viral production by p24 ELISA.
Calculation of the 50% inhibitory concentration (IC 50 ) of saquinavir against HIV replication in peripheral blood mononuclear cells. PBMC were isolated from buffy coat samples as described above and resuspended in LGM containing PHA (10 g ⅐ ml Ϫ1 ). Following culture (37°C, 5% CO 2 , 72 h), cells were washed, and the cell density was adjusted to 2 ϫ 10 6 ⅐ ml Ϫ1 . Cells were then incubated with a range of SQV concentrations from 0 to 84 nM. IL-2 was present in the culture at 20 IU ⅐ ml Ϫ1 throughout. HIV-IIIB was then added to each well (MOI, 0.001), and negative controls were mock infected with LGM. Following incubation (37°C, 5% CO 2 , 24 h), cells were washed, resuspended in LGM containing IL-2, and incubated at 37°C under 5% CO 2 for 6 days. The supernatant fraction was then assayed for viral content by p24 ELISA.
Flow cytometric analysis. Flow cytometric analysis of P-gp, CXCR4, CCR5, and CD4 was carried out as previously described (10, 27) . The fluorescence of the cells was plotted against the number of events, and the data were registered on a logarithmic scale prior to calculation of the median fluorescence. Surface expression was then determined by subtracting the median fluorescence of the isotype control antibody from that of the test antibody. All data are presented in relative fluorescence units (RFU) for each protein.
Confocal laser scanning microscopy. For experimentation, 10 6 PBMC were incubated at room temperature for 1 h with a CXCR4-specific monoclonal antibody (12G5) or, as a negative control, with a CD11a-specific monoclonal antibody. Cells were then washed three times with Hanks balanced salt solution prior to incubation for 1 h with a fluorescein isothiocyanate-conjugated goat anti-mouse secondary antibody. Following a further three washes, cells were incubated with a P-gp-specific monoclonal antibody (UIC2) directly conjugated to PE. For microscopy, cells were adhered to coverslips previously coated with poly-L-lysine and were loaded onto a Bioptechs perfusion chamber maintained at 37°C. The cells were scanned on a Zeiss LSM Pascal confocal microscope in multichannel mode. For fluorescein isothiocyanate, fluorescence (green pseudocolor) was excited by using the 488-nm line of an argon laser and collected from an NFT 545 dichroic mirror through a 505-to 530-nm band-pass filter. For PE, fluorescence (red pseudocolor) was excited by using the 543-nm line of a helium/ neon laser and collected from an NFT 545 dichroic mirror through a 560-nm long-pass filter. Laser intensity was less than 2% at all times.
mRNA quantification by real-time reverse transcription-PCR. Quantification of mRNA transcripts for MDR1 and CXCR4 was achieved by real-time PCR using the ABI PRISM 7000 sequence detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Forty nanograms of cDNA was combined with Universal master mix, sense and antisense primers (0.4 M each), and an oligonucleotide probe (0.2 M) in a final volume of 20 l. Amplification was carried out for 40 cycles with a combined annealing-extension temperature of 60°C. Primers and probes were obtained via the Assays-on-Demand (MDR1 and GAPDH) and Assays-by-Design (CXCR4) gene expression products available through the Applied Biosystems website.
C3435T genotypic analysis. C3435T genotyping was carried out using previously validated primers and probes (home.appliedbiosystems.com). Briefly, DNA was isolated by using a QIAamp DNA mini kit and combined with the TaqMan Universal master mix and primer-probe mix. Amplification was carried out for 40 cycles with a combined annealing-extension temperature of 60°C. An allelic discrimination protocol was then carried out on an ABI PRISM 7000 sequence detection system. Statistical analysis. For comparison of P-gp and receptor expression, statistical analysis was carried out by Spearman's rank correlation. For comparisons between genotypes, data are presented as scatter graphs with a bar at the median. Statistical analyses were carried out by one-way analysis of variance. In all cases a P value of Ͻ0.05 was considered indicative of significance.
RESULTS
Expression of CD4, CXCR4, CCR5, and P-gp on peripheral blood mononuclear cells isolated from healthy volunteers.
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Data on correlations between CD4, CXCR4, CCR5, and P-gp on PBMC from healthy donors are summarized in Table 1 . P-gp expression on healthy donor PBMC (n ϭ 21) was 2.75 RFU (range, 0.25 to 11.00 RFU). CXCR4 expression was 11.2 RFU (range, 3.00 to 44.10 RFU), and CCR5 expression was 0.23 RFU (range, 0.010 to 0.48 RFU). CD4 expression on PBMC of healthy volunteers was 0.11 RFU (range, 0.01 to 5.58 RFU). A highly significant positive correlation was observed between CXCR4 receptor expression and P-gp transporter expression (rho ϭ 0.874; P Ͻ 0.0001) (Fig. 1a) . Representative dual-color scatter plots are shown in Fig. 2 , illustrating that approximately 80% of cells staining positive for P-gp also stain positive for CXCR4. There was no equivalent correlation between expression of CCR5 and P-gp (rho ϭ Ϫ0.22; P ϭ 0.334) (Fig. 1b) . A weak correlation was observed between expression of CD4 and P-gp (rho ϭ Ϫ0.439; P ϭ 0.048) (Fig. 1c) and between CD4 and CCR5 expression (rho ϭ 0.47; P ϭ 0.032) (Fig. 1d) . Analysis of P-gp and CXCR4 was repeated following activation of PBMC with PHA. Expression of P-gp on activated PBMC was 1.35 RFU (range, 0.00 to 2.60 RFU; n ϭ 36), CXCR4 expression was 23.49 RFU (range, 3.63 to 71.96 RFU; n ϭ 35), and CCR5 expression was 0.09 RFU (range, 0 to 0.39 RFU; n ϭ 23). P-gp expression correlated positively with CXCR4 expression (rho ϭ 0.519; P ϭ 0.0016), but there was again no relationship between expression of P-gp and CCR5 on activated PBMC (rho ϭ 0.059; P ϭ 0.79).
P-gp expression in PBMC isolated from individuals homozygous for the C allele (n ϭ 6), heterozygous (n ϭ 7), and homozygous for the T allele (n ϭ 6) at position 3435 of MDR1 was 4.2 (range, 2.45 to 11.00), 2.7 (range, 0.8 to 4.2), and 1.35 (range, 0.25 to 5.00) RFU, respectively (Fig. 3a) . P-gp expression was significantly higher in CC individuals than in CT (P ϭ 0. (Fig. 3b) . Expression was again significantly higher in CC individuals than in CT (P ϭ 0.0045; 95% CI, 3.5 to 21.1) and TT (P ϭ 0.0019; 95% CI, 5.4 to 23.7) individuals.
No significant differences in expression of CCR5 or CD4 were observed between C3435T genotypes (data not shown).
FIG. 1. Relationship between P-gp expression and expression of (a) CXCR4, (b) CCR5, and (c) CD4 in PBMC isolated from healthy volunteers. (d) Relationship between CCR5 and CD4 in PBMC isolated from healthy volunteers. Proteins were quantified by flow cytometry, and levels are expressed in relative fluorescence units. Statistical analysis was carried out by Spearman's rank correlation. A statistically significant positive correlation was observed between P-gp and CXCR4 (n ϭ 21; rho ϭ 0.87; P Ͻ 0.001) and between CCR5 and CD4 (n ϭ 21; rho ϭ 0.47; P Ͻ 0.05). A significant inverse correlation was observed between P-gp and CD4 (n ϭ 21; rho ϭ Ϫ0.44; P Ͻ 0.05). Localization of P-gp and CXCR4 by confocal laser scanning microscopy. Confocal laser scanning microscopy revealed P-gp and CXCR4 to be expressed on the same cells within the lymphocyte population (Fig. 4b and c) . Furthermore, expression of these proteins was colocalized within individual cells (Fig. 4d) . This was not the case for P-gp and CD11a (Fig. 4e  to h ).
Relative expression of CXCR4 and MDR1 mRNAs in peripheral blood mononuclear cells isolated from healthy volunteers. Data on the expression of CXCR4 and MDR1 mRNA in PBMC, expressed relative to GAPDH expression in arbitrary units, are summarized in Table 1 . In PBMC isolated from healthy donors (n ϭ 19), MDR1 expression was 1.0 arbitrary unit (range, 0.16 to 2.95) and CXCR4 expression was 1.16 arbitrary units (range, 0.43 to 2.41). A significant positive correlation was observed between the MDR1/GAPDH ratio and the CXCR4/GAPDH ratio (rho ϭ 0.61; P ϭ 0.005) (Fig. 5) .
MDR1 expression for CC individuals (n ϭ 6), CT individuals (n ϭ 7), and TT individuals (n ϭ 6) was compared. 
FIG. 3. Expression of (a) P-gp and (b) CXCR4 in relation to
C3435T genotype in healthy volunteers (n ϭ 6 CC, 7 CT, 6 TT). Expression was determined by flow cytometry and is expressed in relative fluorescence units for each protein and genotype by TaqMan allelic discrimination. Statistical analysis was carried out by one-way analysis of variance (*, P Ͻ 0.05; **, P Ͻ 0.01).
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Relationship between P-gp or chemokine receptor expression and viral replication in activated peripheral blood mononuclear cells. To determine the influence of membrane proteins on HIV replication, activated PBMC were infected with either HIV-IIIB (X4-tropic) or JRCSF (R5-tropic), and p24 recovery was measured after 7 days. Median HIV-IIIB (n ϭ 24) and HIV JRCSF (n ϭ 24) p24 recoveries were 61,210 (range, 20,040 to 263,400) and 27,704 (range, 3,727 to 2,335,000) pg ⅐ ml Ϫ1 , respectively. No significant correlation was observed between HIV-IIIB p24 recovery and expression of CXCR4 (rho ϭ 0.22; P ϭ 0.30; n ϭ 23) or P-gp (rho ϭ 0.39; P ϭ 0.06; n ϭ 23). Results were similar for HIV-JRCSF p24 recovery compared to expression of CXCR4 (rho ϭ 0.40; P ϭ 0.06; n ϭ 23) and P-gp (rho ϭ 0.29; P ϭ 0.17; n ϭ 23).
When P-gp activity was blocked by addition of XR9576, there was no significant difference between p24 recovery for HIV-IIIB (median, 129,045 [range, 15, 50 and IC 90 correlated significantly with both P-gp expression (for the IC 50 , rho ϭ 0.83, P ϭ 0.0002, and n ϭ 15; for the IC 90 , rho ϭ 0.75, P ϭ 0.0019, and n ϭ 15) (Fig. 6a ) and CXCR4 expression (for the IC 50 , rho ϭ 0.57, P ϭ 0.028, and n ϭ 15; for the IC 90 , rho ϭ 0.71, P ϭ 0.0041, and n ϭ 15) (Fig. 6b) on PBMC.
DISCUSSION
In this study we have utilized healthy donor PBMC as a model to investigate the effects of P-gp, receptor, and coreceptor expression on HIV susceptibility. In contrast to CEM and CEM VBL cells (27, 33) , a strong positive correlation of P-gp and CXCR4 expression on the surfaces of PBMC was observed, with 80% of P-gp-expressing PBMC also expressing CXCR4 (Fig. 2) , suggesting limitations to the cell line model. The two proteins were further shown to colocalize on the surfaces of individual cells. This relationship was also observed at the mRNA level, and expression of both P-gp protein and 6 . Relationship between expression of (a) P-gp (n ϭ 15; rho ϭ 0.71; P ϭ 0.0002) or (b) CXCR4 (n ϭ 15; rho ϭ 0.57; P ϭ 0.028) and the SQV IC 50 against HIV-IIIB in activated PBMC. Proteins were quantified by flow cytometry and are expressed in relative fluorescence units. IC 50 was calculated as described in Materials and Methods. Statistical analysis was carried out by Spearman's rank correlation. P-gp mRNA was related to the C3435T genotype in the following order (from highest to lowest): CC, CT, TT. This relationship between P-gp expression and genotype is in agreement with the findings of previous studies (9, 14) . However, a novel finding was that the coexpression of P-gp and CXCR4 was also reflected in relation to C3435T genotype, with CXCR4 protein and mRNA also expressed in the order (from highest to lowest) of CC, CT, and TT.
The mechanism by which P-gp expression and CXCR4 expression are linked is unclear, although correlation at the level of mRNA suggests that the mechanism may be in part transcriptional. Examination of a 1-kb sequence upstream of the CXCR4 gene indicates putative recognition sites for a number of transcription factors, including AP-1, NF-B, SP-1, C/EBP␤, and NF-Y. Indeed, NF-B has recently been shown to regulate CXCR4 via these sequences (13) , and all of these proteins have been shown to influence P-gp expression via sequences in the MDR1 promoter. It is possible that interindividual variability in the activity of one or more of these nuclear proteins may account for differential regulation of the two genes under baseline conditions. However, this is speculative, and given the apparent lack of biological plausibility, it is now imperative that the relationship between CXCR4 expression and MDR1 genotype be examined in larger cohorts.
CD4 expression in PBMC reflects the pattern observed in CEM and CEM VBL cells (27, 33) , with increased P-gp expression correlating with decreased CD4 expression. However, although this relationship in PBMC was statistically significant, it was not as striking as that observed between P-gp and CXCR4; it appears to be the result of a few outliers expressing extremely high levels of CD4. Indeed, CD4 expression was independent of the C3435T genotype. This finding does, however, suggest that the relationship observed between P-gp and CXCR4 expression is specific to these proteins and is not a reflection of general coordination of membrane surface proteins.
We failed to show a correlation between CCR5 and P-gp expression in the cell membrane. However, as CCR5 expression is known to be low on PBMC (the majority of CCR5 is expressed on macrophages), it cannot be ruled out that in many individuals CCR5 protein expression is below the limit of detection by the assay employed in this study. For this reason, CCR5 expression was not investigated at the mRNA level. We are currently investigating whether a relationship between CCR5 and P-gp exists in monocyte-derived macrophages.
In order to further investigate the implications of membrane-bound protein expression on PBMC for cell-virus interactions, activated PBMC were assessed for expression of P-gp, CXCR4, and CCR5 and were infected with either an X4-or an R5-tropic virus. The protein expression relationships observed in nonactivated PBMC were maintained following activation: a strong correlation was observed between P-gp and CXCR4 expression, and CCR5 expression did not correlate with that of P-gp. These findings again suggest a common regulatory mechanism for P-gp and CXCR4, requiring further investigation.
Following 7 days of infection with HIV-IIIB (X4-tropic) or HIV-JRCSF (R5-tropic), there was large intraindividual variation in the amount of virus produced by PBMC, with a ca. 10-fold difference between the highest and lowest values obtained for HIV-IIIB and a 1,000-fold difference for HIV-JRCSF.
Increased expression of CXCR4 and CCR5 has recently been shown to enhance infection by X4-and R5-tropic strains of HIV (40) . Similarly, a weak correlation was observed between either CXCR4 or P-gp expression and HIV-IIIB p24 recovery from PBMC in our study. However, when P-gp function was blocked by addition of XR9576, a potent and specific P-gp inhibitor, no effect was observed on HIV-IIIB p24 recovery, suggesting either that CXCR4 is the determinant of HIV-IIIB recovery and P-gp is merely a "bystander" as a result of coregulation of expression or that P-gp does not act directly on HIV infectivity. This is in contrast to the findings of Speck et al., who showed a reversal of infectivity by use of the P-gp inhibitor verapamil (37) . This discrepancy may be explained by the observation that verapamil has numerous effects on cellular processes in lymphocytes. These include effects on Ca 2ϩ signaling, other transporters (2, 11), immunologically important proteins (41, 45) , and membrane proteins (43, 44) . However, a similar effect was observed by Lee et al. using both quinidine and PSC 833 as P-gp inhibitors (22) . JRCSF production also correlated weakly with expression of P-gp and CXCR4, and addition of XR9576 to inhibit P-gp activity had no effect on p24 recovery. Finally, there was a significant correlation between the expression of P-gp or CXCR4 and the concentration of SQV required to inhibit viral replication in PBMC. Because chemokine receptors are not thought to be involved in drug transport, it would seem likely that the increased IC 50 of SQV in cells expressing high levels of membrane-bound proteins was due to decreased intracellular drug concentrations as a result of active efflux by P-gp. In vivo studies have not demonstrated a correlation between P-gp expression on lymphocytes and response to antiviral therapy including a PI (1, 26), although Fellay et al. noted increased immune reconstitution in HIV patients with the TT genotype (and therefore lower P-gp expression) at position 3435 in the MDR1 gene (9) . This finding is also in contrast to previous studies reporting no significant differences in the IC 90 of either SQV, ritonavir, indinavir, or nelfinavir between P-gp-overexpressing cells and their parental cell line (39) . The authors suggested that intracellular drug concentrations would be affected by P-gp efflux only at high extracellular concentrations in excess of those required to inhibit viral replication. Our findings with PBMC suggest this is not the case, but which of these methods more accurately predicts the in vivo scenario is unclear at this time.
Our findings have a number of potential clinical implications. First, the correlation between P-gp expression and the IC 50 of saquinavir suggests an important role for this transporter in HIV therapy. Second, since P-gp expression and CXCR4 expression correlate positively, it is possible that the relatively rapid emergence of more pathogenic X4-tropic strains of HIV that has been observed in patients with high lymphocyte CXCR4 expression (24) may be exacerbated by the increased IC 50 of SQV against viruses in these cells. That is, in patients on therapy, higher CXCR4 expression may lead to increased CXCR4-dependent infection and concomitant higher P-gp expression, rendering the viruses within these cells less sensitive to drugs. This may facilitate the replication, and thereby speed the emergence, of X4-tropic viruses, a phenomenon that is related to accelerated disease progression.
The role of X4-tropic viruses in hastening disease progression has been the subject of debate but is supported by the clinical observation that X4-tropic strains of virus are temporally associated with a decline in CD4 ϩ T-cell numbers and with AIDS (6, 20, 33, 35, 38, 42) . Also, X4 and X4/R5 strains (experimental strains as well as primary isolates) deplete CD4 ϩ cells in vitro (activated PBMC, ex vivo lymphoid tissue, and noninflammatory human spleen tissue), whereas the effects of R5 strains on the CD4/CD8 ratio are much less marked despite similar rates of replication (12, 21, 28, 34) . Furthermore, this CD4-selective toxicity is eliminated in these models by compounds that block CXCR4 (34) . Finally, in support of our hypothesis, clinical data suggesting that antiretroviral treatment may create an environment for the emergence of CXCR4 tropism are now beginning to emerge (18, 30) .
In summary, a correlation between P glycoprotein and CXCR4 expression that influences virus production and the IC 50 of saquinavir exists in PBMC. This is likely to be important for established antiretroviral drugs that are known to be substrates for P-gp as well as for new-generation compounds that target these coreceptors as well as fusion. The simultaneous higher levels of P-gp and CXCR4 may therefore have implications for the efficacy of both protease inhibitors and fusion inhibitors when given in combination. Further work to fully characterize this relationship with respect to HIV is now necessary, and studies are currently under way to investigate whether a similar relationship is observed on the surfaces of various cellular subsets and on PBMC isolated from HIVpositive individuals.
